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We present the results of a nonrelativistic constituent quark model study of the semileptonic 
decays AjJ A'^l~i'i and — > E'^l'h'i {I = e,fi). We work on coordinate space, with baryon 
wave functions recently obtained from a variational approach based on heavy quark symmetry . We 
develop a novel expansion of the electroweak current operator, which supplemented with heavy quark 
effective theory constraints, allows us to predict the baryon form factors and the decay distributions 
for all (or equivalently w) values accessible in the physical decays. Our results for the partially 
integrated longitudinal and transverse decay widths, in the vicinity of the w = 1 point, are in 
' excellent agreement with lattice calculations. Comparison of our integrated A;,— decay width to 

, experiment allows us to extract the Vcb Cabbibo-Kobayashi-Maskawa matrix element for which we 

■ obtain a value of \Vcb\ = 0.040±0.005 (stat) l'lo oo2 (theory) also in excellent agreement with a recent 
^SJ ' determination by the DELPHI Collaboration from the exclusive B° — > D*^i~i?i decay. Besides for 

the Ai,(Hi,)— decay, the longitudinal and transverse asymmetries, and the longitudinal to transverse 
a ■ decay ratio are (al) = -0.954 ± 0.001 (-0.945 ± 0.002) , (ar) = -0.665 ± 0.002 (-0.628 ± 0.004) 

and Rl/t = 1.63 ± 0.02 (1.53 ± 0.04), respectively. 

PACS numbers: 14.20.Mr,14.20.Lq,12.39.Hg,12.39. Jh 

(N ' 

■ I. INTRODUCTION 

o 

is necessary for the determination of the cb (Vcb) Cabbibo-Kobayashi-Maskawa (CKM) matrix element from the 
I ' experimentally measured rates and distributions. A considerable amount of work has been carried out in the meson 
, sector, where the ideas of heavy quark symmetry (HQS) Jj and heavy quark effective theory (HQET) ^ were first 
' developed. In the theoretical side, there exist lattice calculations |3|-|g|, and a large variety of other theoretical 
[ analysis (HQET, dispersive bounds, quark model, sum rules, etc.) [^- |l2l|. From the experimental point of view 
> • there were also an important activity and CLEO and Belle collaborations have recent measurements of B ^ D* 
^ ; decays 0-0. 

^ ■ The discovery of the A;, baryon at CERN |0, the discovery of most of the charmed baryons of the SU(3) multi plet 
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The understanding of the non-perturbative strong interaction effects in the exclusive 6 — > c semi-leptonic transition 



. ine aiscovery oi tne A;, Daryon at (.^tttiN iioj, tne discovery oi most oi tne cnarmea Daryons oi tne aui^dj multiplet 
^ ' on the second level of the SU(4) lowest 20-plet 0|, and the recent measure of the semileptonic decay of the A° |18| | 
make the study of the weak interactions of heavy baryons timely. Experimental knowledge of the Af, semileptonic 
decay can lead to an independent estimate of Vcb if the effects of the strong interaction in the decay are understood. 
There exists an abundant literature on the subject 0|- Almost all theoretical approaches applied to the 

■ meson sector have also been explored for baryons. A common drawback in most of these studies is the impossibility of 
Ci ^ describing the decay distributions for all {q is the four momentum transferred to the leptons in the decay) accessible 
values in the physical decay. Thus, lattice calculations and HQET based approaches lead to reliable predictions in 
the neighborhood of <?^ax ~ ('^A^ — wa^)^, conventional sum rule approaches are more reliable near q^ = 0, while 
traditional nonrelativistic constituent quark models (NRCQM's) cannot predict differential decay rates far from g^^x- 
HQS allows theoretical control of the non-perturbative aspects of the calculation around the infinite quark mass 
limit. The classification of the weak decay form factors of heavy baryons has been simplified greatly in HQET [s^. 
In addition, the AQ=b,CT^Q=b,c baryons have a particularly simple structure in that they are composed of a heavy 
quark and light degrees of freedom with zero angular momentum. At leading order in an expansion on the heavy 
quark mass only one universal form factor, the Isgur-Wise function, is required to describe the A;, — > Ac semileptonic 
decay. In next to leading order, l/mg [s^, one more universal function and one mass parameter are introduced [37l| . 
However, HQS does not determine the universal form factors and the mass parameter, and one still needs to employ 
some other non-perturbative methods. 

In this work we determine the non-perturbative corrections to the electroweak Af, — > Ac matrix element by using 
different NRCQM's. We use a spectator model with only one-body current operators, and work in coordinate space. 
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with baryon wave functions recently obtained from a HQS based variational^ approach [38j. We propose a novel 
expansion of the electroweak current operator, which allows us to predict the decay distributions for all values 
accessible in the physical decay. Thus, we keep up to first order terms in the internal (small) heavy quark momentum 
within the baryon, but all orders in the transferred (large) momentum q. Some preliminary results were presented in 
[40J. Now, we shall further impose ©(l/mg) accuracy HQET constraints among the form factors to improve on the 
spectator model results. The paper is organized as follows. In Sect.^we introduce the form factors and their relation 
to the differential decay width. Those form factors carry all non-perturbative QCD corrections to the semileptonic 
Ab and Sb decays. In Sect. IIIII we relate baryon wave function with form factors, and introduce the heavy quark 
internal momentum expansion (Subsect. lIII D|) . A brief summary of the HQET predictions for these decays is outlined 
in Sect. llVl while our results and main conclusions are presented in Sects. IVI and I VII respectively. Finally, in the 
Appendix some detailed formulae can be found. 



II. DIFFERENTIAL DECAY WIDTH AND FORM FACTORS 



We will focus on the Ab(p) ^c{p') I {k')vi{k) reaction, where p,p', k and k' are the four-momenta of the involved 
particles. The generalization to the study of the Sb baryon semileptonic decay is straightforward. In the Ab rest 
frame, the differential decay width reads 

where^ m/^^ = 2285 MeV, and G — 1.1664 x 10^^^ MeV^^ is the Fermi decay constant. L and W are the leptonic 
and hadronic tensors, respectively. The leptonic tensor is given by (in our convention, we take £0123 = +1 and the 
metric gf"" = (+,-,-,-)): 

L^a- = ^^^CT + k^k^ — 9/1(7^ ■ k + ie^aapk "'k^ (2) 

The hadronic tensor includes all sort of non-leptonic vertices and corresponds to the charged electroweak Ab — s- Ac 
transition. It is given by 

W^^^ = i^(A,;p',s|j^',(0)|Ab;p,r)(Ac;p',s|j-(0)|Ab;p,r)* (3) 

r,s 

where r and s are helicity indices and baryon states are normalized so that (p, r|p',s) ~ {2Tr)^{E/m)d^{p ~ p')Srs- 
Finally the charged current is given by 

j,^,=W,7'^(l-75)*;, (4) 

with \l/c and ^'b quark fields. 

The non-perturbative strong interaction effects are contained in the matrix elements of the weak current, j^^., which 
can be written in terms of six invariant form factors Fi, d with i = 1, 2, 3, as follows 

(Ac;p', s|j-(0)|Ab;p, r) = 41(p'){7m (^1 " 75G1) -I- {F^ - 75G2) -I- v'^ {F, - 75G3) (5) 

where ma^ and ua^ are dimensionless Ac and Ab Dirac spinors, normalized to uu = 1, and = p^/mAj, {v'^ = p'^/itia^) 
is the four velocity of the Ab (Ac) baryon. The form factors are functions of the velocity transfer w = v-v' or equivalently 
of q^ — {p — p'Y — "^Ab + "^Ac ~ 2TOAtmA„u'. In the decay Ab(p) — + Ac(p') I {k')Di{k) and for massless leptons, the 
variable q^ ranges from (smallest transfer), which corresponds to w — Wmax = ("^At + '^A ) I'^^f^b^^c ~ 1.434, to 
9max — ("^At — niA^)^ (highest transfer, final Ac at rest), which corresponds to w = 1. 



^ In Ref. |3Sj|. we developed a rather simple method to solve the nonrelativistic three-body problem for baryons with a heavy quark, where 
we have made full use of the consequences of HQS for that system. Thanks to HQS, the method proposed provides us with simple wave 
function s, w hile the results obtained for the spectrum and other observables compare quite well with the lengthly Faddeev calculations 
done in 1391 . 

2 We also take niA^ = 5624 MeV, ms^ = 5800 MeV and ms^ = 2469 MeV . 
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The differential decay rates from transversely (Tj) and longitudinally (F^) polarized W's, are given, neglecting 
lepton masses, by (the total width is F = + F-p) |4j| 



^ = ^^^<^V^^U'{iw-l)\F,{wr + iw + l)\G,H\'} 



dw 247r3 



= [(mA, ± mAjFi^'^ + (1 ± u.) (mA.^^a'''^ + mA.Fg^'^) ] , J^/" = i^,M, F^^ = G,{w), z = 1, 2, 3 (6) 



where in the last expression the +(— ) sign goes together with the V{A) upper index. The polar angle distribution 
reads i41|]: 



d^r 3 fdTq 



dw d cos 9 8 V dui 



|l + 2a'cos6i + a"cos2 6l| 



(7) 



where 9 is the angle between k' and p' measured in the Woff-shoii rest frame, and a' and a" are asymmetry parameters 
which can be expressed as 



dFrdflT //dFr _^„drL\ day G^[V^™1 2 , 2 ^ f t \ 

^ = + 2-7— )> -5—= f, 3 dr-r g - l)Fi(w)G'i(w) (8) 

aw aw \ aw aw / aw dtt^ iii^ 



dw dw 

There are other asymmetry parameters if the successive hadronic cascade decay Ac ^ a + 6, where a {Ja — 1/2) and 
h ( Jf, = 0) are hadrons, is considered. Two new angles are usually defined, Oa the angle between the Ac momentum 
in the Af, rest frame and the a hadron momentum in the Ac rest frame, and x the relative azimuthal angle between 
the decay planes defined by the three-momenta of the I, j^eptons and the three-momenta of the a, b hadrons. The 
decay distributions with respect to these two angles read j4l| : 

d'r , d^F 37r2 ^ ^ 

oc 1 + PlQ^a cos t^A, - — -— oc 1 p7aAC0Sx (10) 



dwdcos^A ' dwdx 32\/2 

where aA is the asymmetry parameter in the Ac hadronic decay (for the non-lcptonic decaro Ac Att and Ac Stt 
one has: a^+^f^^+ = -0.94+°:o8 HI, -0.96 ± 0.42 43J and Qa+^s+tt" = -0.45 ± 0.32 g^), and (longitudinal 
polarization of the daughter baryon Ac) and 7 are given by 

zdFTdaT dFidaL\,/dFT dF^x da^ G^lKbP "^^ 



dw dw dw dw 



aw 



,/^2|T^ |2 . /HP HP \ 

7 - [-^^ml^^V^;^{{w + l)T^{w)G^{w)-{w-l):F''{w)F,{w)}) (12) 

The asymmetry parameters introduced in Eqs. (|8I9|I and Eqs. (|11I12|) are functions of the velocity transfer w. On 
averaging over w, the numerators and denominators are integrated separately and thus we have 

{ar) = ^^p^aA^ r^^\^w'-l)F,{w)G,iw)dw (13) 



i^L) = -''^^ / {w'-l)T''iw)T\w)dw (14) 



Gtt^ Ft Jo 

G'\Vcb\' ml 
127r3 Fi 

" "67^^^ Jo " ^^"^ ^ 1):F^{w)G^{w) -{w- 1):f''{w)F,{w)} dw (15) 

/ /\ M , 1 - 2i?L/T ,p , {aT)+RL/T{aL) p Tl 



1 + 2RL/T 1 + 2RL/T 1 + Rl/t ' Tt 



FIG. 1: Definition of diff'erent coordinates used through this work. 



III. BARYON WAVE FUNCTIONS AND FORM FACTORS 

Baryon wave functions are taken from our previous work in Ref. (38| , where different non-relativistic Hamiltonians 
(H) for the three quark {q, q',Q, with^ q,q' — I or s and Q = c or &) system of the type 

H = U^~^]+V,,'+VQ, + VQ,' (17) 

i=q,q' ,Q \ 

were used. In the above equation mq^mqi and mq are constituent quark masses, and the quark-quark interaction 
terms, Vij, depend on the quark spin-flavor quantum numbers and the quark coordinates {xi,X2 and Xh for the q,q' 
and Q quarks respectively, see Fig.^l. 

A. Intrinsic Hamiltonian 

We briefly outline here the procedure followed in To separate the Center of Mass (CM) free motion, we went 
to the heavy quark frame (i?, ri,f2), where R and fi (r2) are the CM position in the LAB frame and the relative 
position of the q {q') quark with respect to the heavy Q quark. In this frame, the Hamiltonian reads 

^int ^ V /if + K,,'(^l-^l,SP*^)-^^^+ E (19) 
i=q,q' ^ i=q,q',Q 

hT = -p- + VQ,{n,spin), i^q.q' (20) 

where A/tot is the sum of quark masses, (m, -\- ruqi -|-toq), /ig^,/ = {l/niq^q' + l/mg) ^ and Vi_2 — d/dp-^^p^- The 
intrinsic Hamiltonian i/'"* describes the dynamics of the baryon and we used a variational approach to solve it ■ 
i/'"* consists of the sum of two single particle Hamiltonians (/if), which describe the dynamics of the light quarks in 
the mean field created by the heavy quark, plus the light-light interaction term, which includes the Hughes-Eckart 
term (Vi • V2). In Ref. js^ . several quark-quark interactions, fitted to the meson spectra, were used to predict 
charmed and bottom baryon masses and some static electromagnetic properties. Furthers details can be found there. 



^ I denotes a Ught quark of flavor u or d 
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B. Ai,,c and c Wave Functions and HQS 

To solve the intrinsic Hamiltonian of Eq. H19|l. a HQS inspired variational approach was used in Ref. [s^- HQS 
is an approximate S\J{Np) symmetry of QCD, being Np the number of heavy flavors. This symmetry appears in 
systems containing heavy quarks with masses much larger than any other energy scale (77 — A^qcd: "i„, m^, mg,. . . ) 
controlling the dynamics of the remaining degrees of freedom. For baryons containing a heavy quark, and up to 
corrections of the order C'(^), HQS guarantees that the heavy baryon light degrees of freedom quantum numbers 

(spin, orbital angular momentum and parity) are always well defined. We took advantage of this fact in Ref. jH3 in 
choosing the family of variational wave functions. Assuming that the ground states of the baryons are in s-wave and 
a complete symmetry of the wave function under the exchange of the two light quarks (u, d, s) flavor, spin and space 
degrees of freedom (SU(3) quark model), the wave functions read (/, and SJl^-^^ are the isospin, and the spin parity of 
the light degrees of freedom)"^ 

• A— type baryons: / = 0, SJl^-^t ~ 

|AQ;J=i,Mj) = {|OO)/0|OO)s,,,,}4';l''(ri,r2,ri2)® |Q;Afj) (21) 

where the spatial wave function, since we are assuming s— wave baryons, can only depend on the relative 

distances ri, r2 and ri2 — |ri — r2|. In addition ^'^'^ (ri, r2, ^12) — ^^'^ (?'2, fi, fi2) to guarantee a complete 
symmetry of the wave function under the exchange of the two light quarks (u, d) flavor, spin and space degrees 
of freedom. Finally Mj is the baryon total angular momentum third component'^. 

• E-type baryons: I = ^jS'/Jg^t = 0+ 

\Eq;J^^,Mj;Mt) = |Zs)^pf/ (n, r2, ris) - kO*^;" (''i, ^^2, ri2)} ® |00)s„,,, ® |Q; Afj) (23) 

where the isospin third component of the baryon, Mt, is that of the light quark / (1/2 or —1/2 for the u or the 
d quark, respectively). 

The spatial wave function^, ^'^?(7'i,7'2,?'i2), was determined in |38| by use of the variational principle 
6{Bq\H"'^^\Bq) — 0, and can be easily reconstructed from Tables X and XI of that reference. 



\ls) or \sl)) and spin (\S, Ms) ht) functions of the light 



An obvious notation has been used for the isospin-fiavor {\I,Ali)i, 
degrees of freedom. 

Note, that SU{3) flavor symmetry (SU{2), in the case of the Aq baryon) would also allow for a component in the wave function of the 
type 



(iii|AfQAfsMj){|oo>j ® |iMs>s„,,,}e;; 



(ri,r2,ri2) \Q;Mq) 



(22) 



MsMq 

0^^'' ('"2i ''1 1 ^"12) (for instance terms of the type ri — r2), and where the real numbers {jij2j\mini2m) 



with (ri 

{jl^ij2fn2\jm) are Clebsh-Gordan coefficients. This component is forbidden by HQS in the limit niQ — > 00, where Sught turns out to 
be well defined and set to zero for Aq— type baryons. The most general SU(2) Aq wave function will involve a linear combination of the 
two components, given in Eqs. 1211 and 1221 . Neglecting 0{ri/mQ) corrections, HQS imposes an additional constraint, which justifies 
the use of a wave function of the type of that given in Eq. 1211 with the obvious simplification of the three body problem. Within a 
spectator model for the A;,— decay, in which the light degrees of freedom remain unaltered, and due to the orthogonality in the spin 
space, taking into account the 5iight = 1 components of the Aq wave functions would lead to 0{rj'^ /uVq) corrections to the transition 
form factors of Eq. O . 
Its normalization is given by 



•'r2 



^qq' (^l''~2,r-12) 



dri 



dr2 r\ 



"I'^J?(r-i,r-2,ri2) 



(24) 



where /i is the cosine of the angle formed by r\ and r2- 
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C. The (Ae;p",s]j7(0)!A6;p,r) and {■E^;p',s\f^''{0)\Et;p,r} Matrix Elements 



We will first focus on the Ah Ac matrix element. Within a NRCQM and considering only one-body current 
operators (spectator approximation) we have in the Af, rest frame 



Ac;p\s\j:M\^b;0,r 



' d qid q2d qnd 



Eb{qh)\l Ec{qi) 



4^H'?t)7"(l-75)4''^(gl) 



(25) 



with p' = p — q = —q, and Uc and Uh charm and bottom quark Dirac spinors. The wave functions in momentum space 
appearing in the above equation are the Fourier transformed of those in coordinate space 



^ J (27r)2 [2n)2 [2n)2 ^ 

where the spatial wave function of the Aq baryon with total momentum P (see Eq. ^lH\i ) is given by 

^yixi,X2,Xh) = — -t'^u'^ in, r2,r 12) 
(27r) 2 



(26) 



(27) 



with 5';;'' (ri, r2, ri2) defined in the previous subsection. The actual calculations are done in coordinate space, and 
we find 



Ac;-9,s|je"(0)|Afc;0,r 



'E' 



d^rid\2 e'9-(™«*'i+™,'*='2)A^t'=ot [^'^^'•(ri, r-2, r-12)]* 

i^HP)r{i-iM''\n]}'i'uirur2,n2) 



mb / m, 



Eb{l)V ES') 



(28) 



with the operators I ~ iVp^ + iVff^ and V = I — q acting on the Af, intrinsic wave function. Finally, the flavor of 
the light quarks {q,q') are up and down and M^^^ — rriu + + 7nc, with to„ = rud as dictated by SU(2)-isospin 
symmetry. 

The 5t, Sc matrix element is easily obtained from the results above, by using ^'^^ and mg instead of ^fi^ and 
TTiqi — niu — rud, respectively. 



D. Heavy Quark Internal Momentum Expansion and Form Factor Equations 

Taking q in the positive z direction and by comparing both sides of Eq H28() for the spin flip a = 1 or 2 and spin non- 
flip a = and a = 3 components, all form factors F's and G's can be found. The main problem lies on the operatorial 
nature of the right hand side of Eq. H28|l . which requires of some approximations to make its evaluation feasible. Non 
relativistic expansions of the involved momenta in Eq. H28|) are usually performed but this is only justified near 
9max- With the Afc baryon at rest, I in Eq. I|28|l is an internal momentum which is much smaller than any of the 
heavy quark masses. On the other hand, the transferred momentum q, which coincides, up to a sign, with the total 
momentum carried out by the Ac baryon, can be large (note that \q \ — niA^Vw^ — 1 and at q^ = 0, |(f(w = Wmax)| ~ 
TOA(,/2). We have expanded the right hand side of Eq. H28(l . neglecting second order terms in I, but keeping all orders 
in q. For instance, this expansion for the charm quark energy gives: Ec{l') ~ Ec{q){l — I ■ q/E^iq)) + 0{I^/mQ), 
with Ec{q) = Ec — {ni^ + q*^)^/^. Thanks to this novel expansion of the electroweak current operator, in which q 
is exactly treated, we are able to predict the decay distributions for all q^ values accessible in the physical decays, 
improving in this manner on the existing NRCQM calculations. Finally, we get the form factors from two (vector and 
axial) subsets of three equations with three unknowns {F' s and G's). For the Af, Ac transition, these equations are 
compiled in Table The hat form factors and the dimensionless baryon integrals {I and JC ) appearing in the table 
are given by 

fE'. +mA\^ f 2Er \^ - / E', +mA / 2Er \^ 



7 



Vector 
a — 0, spin non-flip 

a — 3, spin non-flip 

a = 2, spin flip 


Ft +F9 + ^"^^ F-i - X + ''^'^ 

-1- _r2 -1- 2(i3e+mc) \^ Bf ^ 

l^l p 1 l<3 1 p _ \q\x \q\K- ( nic , 1 

\q\ p _ \q\I \q\K f 1 ^ 




Axial 
a — 0, spin non-flip 

a = 3, spin non-flip 
a = 1, spin flip 


1?! (^1/^1 "^Ac \ _ l<3 |I 1 IflK f ma , 1 
^Ae+'"'^<= V ' ""^ ' '"A, '"•^J Ea + ma+ 2 

^ ^ "7" 1 q'^ KL ( Tfi c 1 

r*. — T 1 ''^'^ ( 1 1 1 






TABLE I: Equations used to determine the — > Ac transition form factors. The hat form factors and baryon integrals (X and K ) are 
given in Eqs. I^-IIITI. 

XH = y'dVidV2e'9"K^^i+™.-^^)/*^-[<=(ri,r2,ri2)]*<''(ri,r2,ri2) (30) 

= ^ /rf'nrf'^2e'«"("'^~^+"^'^~^)/*^-4vl/Ac(^^^^2^^^2)]*[r-glvI/^^ (31) 

For degenerate transitions {nib — rric = mq), the baryon factors I(w) and lC(w) are related, ie 2)C{w)/X(w) — 
(ruq + 'mqi)/{rnq + m^/ + mg), as can be deduced from a integration by parts in Eq. (|31|l . By means of a partial wave 
expansion and after a little of Racah algebra, the integrals get substantially simplified. Explicit expressions can be 
found in the Appendix. 

Baryon number conservation implies that -F(l) = Si^j(l) = 1 in the limit of equal baryon states. The first 
equation of Table |I| leads to Y.^F^{^) = A'^)^ 

since w = 1 implies \q \ = 0. Besides, X(l) accounts for the overlap 
between the charmed and bottom baryon wave functions and therefore it takes the value 1 for equal baryon states, 
accomplishing exact baryon number conservation. In general, vector current conservation for degenerate transitions 
imposes the restriction F2(w) = i^3(w), which is violated within the spectator approximation assumed in this work. 
Thus for instance at zero recoil, we find ^2(1) — ^3(1) = 1 — itiaq /Mtot, and thus we do not get vector current 
conservation because of baryon binding terms. Two body currents induced by inter-quark interactions are needed to 
conserve the vector current. 

The corresponding S;, decay quantities are obtained from the above expressions by means of the substitutions 
mentioned at the end of Subsect. lIII CI Note that, T and K, depend on both the heavy and light flavors, hence, and for 
the sake of clarity, from now on we will use the notation or for the A^ and decays , and a similar notation 
for the K, factors. 



IV. HQET AND FORM FACTORS 

When all energy scales relevant in the problem are much smaller than the heavy quark masses, HQS is an excellent 
tool to understand charm and bottom physics. Close to zero recoil (w = 1) and at leading order in the heavy quark 
mass expansion, only one universal (independent of the heavy flavors) form factor, the Isgur-Wise function^ (C^"") is 
required to describe the A;, — > Ac semileptonic decay. To next order, 1/toq, one more universal (x™") function and 
one mass parameter (A) are introduced. These functions, and also the form-factors, depend on the heavy baryon 



^ Note that, though called in the same manner, because of the different light cloud, this function is different to that entering in the study 
of B — > D and B — > D* semileptonic transitions. 
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w 


iVi 








Ni 




Nl 


1.00 


1.49 


-0.36 


-0.10 


1.03 


0.99 


-0.42 


0.15 


1.11 


1.40 


-0.32 


-0.09 


0.99 


0.94 


-0.37 0.13 


1.22 


1.32 


-0.30 


-0.09 


0.93 


0.91 


-0.34 


0.12 


1.33 


1.26 


-0.27 


-0.08 


0.91 


0.88 


-0.31 


0.11 


1.44 


1.20 


-0.25 


-0.07 


0.88 


0.85 


-0.28 


0.10 



TABLE II: Correction factors (taken from Ref. 0) for the A;, — » Ac decay form factors 



light cloud flavor, and thus in general they will be different for S— transitions, though one expect small deviations 
thanks to the SU(3)-flavor symmetry. 

We compile here some useful results from Ref. [^l45j|. where more details can be found. Including l/mg corrections 
the Ab Ac form factors factorize in the form 



= N,{w)ibiw) + Oil/ml), G,{w) = iV,f H^bM + z = 1, 2, 3 



(32) 



2x'-°"(u;) + 



1 



(33) 



where the coefficients Ni,Nf contain both radiative {Ci,Cf)^ and l/mg corrections. A is the binding energy of the 
heavy quark in the corresponding A baryon (A = fn\^^ — mg) and because of the dependence on the heavy quark 

masses, is no longer a universal form factor. The function x"'"(w) arises from higher-dimension operators in the 
HQET Lagrangian, and vanishes at zero recoil. Both functions ^cb and are normalized to one at zero recoil. 
The numerical values of the correction factors Ni, Nf depend on the value of A, which is not precisely known. We 
reproduce here (TablcHH) Table 4.1 of Ref. 0, where these correction factors are given for all baryon velocity transfer 
w accessible in the Af, — > AjDj decay^. The parameters A/2m6 and A/2toc were set to 0.07 and 0.24, respectively. At 
zero recoil, Luke's theorem 36j protects the quantities F{w) = ^iFi{w) and Gi{w) from 0{\/mQ) corrections 



i^(l) = ^F,(l) 



Vv 



G,{l)^f^A+0(l/ml) 



(34) 



where 'qv and -qA are entirely determined by short distance corrections (ie, iVf (1) = C'f (1) and Ni{l) — Ci{l)) 
which are in principle well known, since they are computed using perturbative QCD techniques. The second relation 
might be used to extract a model independent (up to l/wg corrections) value of \Vcb\ from the measurement of 
semileptonic Af, decays near zero recoil, where the rate is governed by the form factor Gi. From Eq. ©, one finds 



lim 



dP G^IK 



cb\ 



1 



1 dw 



47^3 



■mi (mA, - m^^fri\ + 0{\/ml) 



(35) 



RESULTS 



To obtain the wave functions for the Aq and Sg baryons, we will use different NRCQM interactions whose details 
can be found in Refs. js^- Following the notation of this reference, we will refer to them as ALl, ALlx, AL2, API, 
AP2 and BD. Their free parameters had been adjusted in the meson sector The potentials considered 

differ in the form factors used for the hyperfine terms, the power of the confining term^*' {p — Ij as suggested by 
lattice QCD calculations [53, or p — 2/?> which for mesons gives the correct asymptotic Regge trajectories |5ll), or 



* They are known up to order Qg(2;lnz)", where z = mc/trn, is the ratio of the heavy-quark masse s an d n = 0, 1, 2 
® Note the values for those correction factors are somewhat different from the ones quoted in Ref. l45l 

The force which confines the quarks is still not well understood, although it is assumed to come from long-range non-perturbative 

features of QCD 
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the use of a form factor in the One Gluon Exchange (OGE) Coulomb potential [s^- AH of them provide reasonable 
and similar masses and static properties for Aq, Sq, Sq, 5', 5q, Sq, fig and Hq baryons js^. 

For the A^— decay we will pay an special attention to the ALl and ALlx inter-quark potentials. The ALl potential 
is based on a phcnomcnological inter-quark interaction which includes a term with a shape and a color structure 
determined from the OGE contribution, and a confinement potential. The second model (ALlx) includes the same 
heavy quark-light quark potential as the ALl model, while the light quark-light quark is built from the SU(2) chirally 
inspired quark-quark interaction of Ref. 53] which includes a pattern of spontaneous chiral symmetry breaking, and 
that was applied with great success to the meson sector in Ref. 48], 

From the experimental side, the A^ semileptonic branching fraction into the exclusive semileptonic mode was 
measured in DELPHI to be ^ 

Br{Kl ^ A+ri?0 = {b.Qtll (stat) ^l:^(syst)) (36) 

A remark is in order here, the perturbative QCD corrections have been neglected in Ref. [l^ . i.e. the correction 
factors iVi, Nf are computed with Ci — = 1 and (72,3 = C*! 3 = 0, and a functional form of the type 

U{w)=e-P"^^-^^ (37) 

is also assumed in that reference, where it is also found that^^ 

p2 = 2.0t?;« (38) 

where all uncertainties quoted in Ref. Il^ have been added in quadratures. On the other hand, the branching fraction 
given by the Particle Data Group is 17] 

Br{Kl A+r + anything) = (9.2 ± 2.1) % (39) 

which is hardly consistent to that quoted in Eq. (|36|l . Nevertheless, none of the values quoted in Eqs. H36() and l|39|) 
correspond to direct measurements. We will assume here, an error weighted averaged value^^ of those given in Eqs. H36|) 
and (139 

{Br{Kl ^ AtrDi)),,^ = (6.8 ± 1.3) % (40) 

The total A° width is given by its lifetime r^o — 1.229 ± 0.080 ps 17] and thus one finds 

r(AO A+r i^O = (5.5 ± 1.4) 10i°s-i (41) 

Besides, data from Z decays in DELPHI have been searched for Bj] D*+/~i// decays. These events are used to 
measure the CKM matrix element \Vcb\ 

\Vcb\ = 0.0414 ± 0.0012 (stat) ± 0.0021 (syst) ± 0.0018 (theory) (42) 

Let us first examine the bare NRCQM predictions without including HQET constraints. 



A. NRCQM Form Factors 

In Fig. [3 we present the A^ Ac form factors obtained from the ALl inter-quark interaction (left) and also the 
predictions for the ^cb function (right) as extracted from any of the form factors (^c6 — Fi/Ni,Gi/Nf ,F/'Y^^Ni, i = 
1, 2, 3) shown in the left panel. The correction factors Ni, Nf are taken from Table IhI Several comments are in order: 

• As expected from HQS, the form factors F2, F3, G2 and G3 are significantly smaller than the dominant ones Fi 
and Gi. 



Note that —p^ is not the slope at the origin of the universal Isgur-Wise function ^'^"'^(•w) introduced in Eg. 1331 . 
We add in quadratures the statistical and systematic uncertainties quoted in Eq. I36i . 
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FIG. 2: NRCQM A;, — > Ac form factors (left) and ^^ft function (right) from the ALl inter-quark interaction. 



• Recalling the discussion of Subsect. IIII Dl on vector current conservation for degenerate transitions, one must 
conclude that the NRCQM predictions for the F2 and F3 form factors are not reliable at all, since their sizes 
are comparable to the expected theoretical uncertainties, O (l — mAg/Mtot), affecting them. Presumably, one 

should draw similar conclusions for the axial G2 and G3 form factors. As clearly seen in Fig. El the £,cb{w) 
functions obtained from the F2, F3, G2 and G3 form factors substantially differ among themselves and are in 
complete disagreement to those obtained from the F and Gi form factors. 

• NRCQM predictions for the vector F and axial Gi form factors are much more reliable, and lead to similar 
functions, with discrepancies smaller than around 4%. Such discrepancies can be attributed either to ©(l/mg) 

corrections, not included in ^cfc, or to deficiencies of the NRCQM. Lattice results of Ref. |13] for these two form 
factors, though have large errors, are in good agreement with the results shown in Fig. El 



B. HQET and NRCQM Combined Analysis. 

To improve the NRCQM results, we proceed as follows. We assume the NRCQM estimate of the vector form factor 
F {F ^ Fi + F2 + F3) to be correct for the whole range of velocity transfers accessible in the physical decay and 
use it to obtain the flavor depending ^cfc function. Now by using Eq. H32|l and the HQET coefficients Ni, Nf compiled 
in Table ITll we reconstruct the rest of form factors, in terms of which we can predict the longitudinal and transverse 
differential decay widths and the asymmetry parameters defined in Subsect. ^ We will estimate the theoretical error 
of the present analysis by accounting for the spread of the results obtained when all calculations are repeated by 
determining from the NRCQM Gi form factor and/or by using different inter-quark interactions. 

1. At Decay 

Results of our HQET improved NRCQM analysis for the Af, decay are compiled in Fig.Oand Tables ITTll and Hvl In 
the first of the tables, we give the total and partially integrated semileptonic decay widths, split into the contributions 
to the rate from transversely (Ft) and longitudinally (F^) polarized W's, and the value of the flavor depending £,cb{'w) 



Let us remind here, that the NRCQM gives correctly -F(l) in the case of degenerate transitions. 
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FIG. 3: Af, — ► Ac form factors (top) and differential decay width (bottom) constrained by means of the HQET relations of Eq. l32l . 
ALl and ALlx inter-quark interactions have been used, and HQET— F and HQET— Gi stand for HQET models where ^^i) is determined 
from the NRCQM predictions for the F and G\ form factors, respectively. For the ALl-l-HQET— _F model, longitudinal and transverse 
differential decay distributions are plotted as well. For comparison in the bottom panel, we also show the bare NRCQM decay width 
distribution obtained from the form factors plotted in the left panel of Fig. |21 
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function and its derivatives at zero recoil, together with our estimates for the uncertainties of the present analysis. We 
also compare, when possible, with the lattice results of Ref. [T^. In the second of the tables, we compile our predictions 
for the w— averaged asymmetry parameters defined in Eqs. (|13|I - H16|I . Our results compare exceptionally well to those 
obtained by Cardarelli and Simula from a light-front constituent quark model ^3(f\. On the other hand, we should 
mention that the NRCQM described in Subscct. lV Al leads to similar (discrepancies of around 2-3%) differential decay 
rates, as can be appreciated in Fig. |3 From the discussion in Subscct. IV Al this fact should be considered as an 
accident. For the w— averaged asymmetry parameters given in Table Hvl discrepancies are in general higher, being of 
the order of 20% for the {ax) and {a') asymmetries. 
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0.80 
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1.01 
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0.97 
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0.97 
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TABLE HI: Af, semileptonic decay: Theoretical predictions for totally and partially (f l,t = d«) — J^^) integrated decay widths, 

in units of IVcbPlQl^ s~l, and for ^cbiw) and its derivatives at zero recoil. The meaning of columns 2 to 8 is the same as in Fig. |31 with 
the obvious changes due to the use of different inter— quark interactions. In the ninth column (Theor. Avg.) we give our final results with 
theoretical uncertainties obtained from the spread of the results shown in the table. Finally in the last column we compile the Lattice 
QCD results of Ref. (ig. 

From our theoretical determination of the total semileptonic width in Table IIIII and the experimental estimate in 
Eq. 1011), we get 

\Vcb\ = 0.040 ± 0.005 (stat) ta^om (theory) (43) 
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Rl/t 


(ar) 




(Pl) 


{a'} 


(«") 


<7> 




1.63 ±0.02 


-0.665 ± 0.002 


-0.954 ±0.001 


-0.844 ± 0.003 


-0.156 ±0.001 


-0.531 ±0.004 


0.439 ± 0.004 




1.53 ±0.04 


-0.628 ± 0.004 


-0.945 ± 0.002 


-0.820 ± 0.004 


-0.154 ±0.001 


-0.508 ± 0.008 


0.475 ± 0.006 



TABLE IV: Theoretical predictions for the ui— averaged asymmetry parameters defined in Eqs. lliji - 1161 . We quote central values from 
the ALl+HQET— _F model and the theoretical uncertainties have been determined as in Table ITTTl 

in remarkable agreement with the recent determination of this parameter from B[] D*'^l~Di decays (Eq. (|42|l 'l. The 
experimental uncertainties on the Af, semileptonic branching ratio turn out to be the major source of error in the 
present determination of \Vcb\, being the theoretical error in both Eqs. 142|) and H43|) comparable in size. We point 
out nevertheless that our determination of \Vcb\ is based on a NRCQM description of the baryon and as such it is not 
model independent. From a conceptual point of view a determination of \Vcb\ based on Eq. H35|l would be preferred 
in a non-relativistic approach as both baryons are at rest in the w — > 1 limit. Unfortunately the lack of enough 
experimental data in that region prevents such a calculation. Note nevertheless that our partially integrated width 
(f L + Tt) is in good agreement with the lattice results of Ref. ^ values up to w ~ 1.20 {\q \ « 0.66mA^) 

where lattice calculations are reliable, and that our total width r = 3A6toAi l^cbP lO^s"! agrees with the value of 
r = 3.1 ± 1.0 \Vcb\^ lO^^s-i obtained in Ref. using QCD sum rules. 

With respect to the l/mg— corrected Isgur-Wise function £,cb{w) our results show a clear departure^** from a single 
exponential (see Ea. H37|) ) functional form, and instead, in the velocity transfer range accessible in the physical decay, 
it is rather well described by a rank three polynomial in powers of {w — 1). In what Ccfc(l) respects, our estimate lies 
in the lower end of the range of Eq. H38|) . As mentioned above, the perturbative QCD corrections were neglected in 
Ref. If we do not include the short distance contributions when relating the NRCQM ALl F form factor and the 
HQET £,cb{w) function, the slope of this latter function becomes larger (in absolute value), ie Cch(l) — —0.99, in closer 
agreement with the DELPHI estimate. Besides, the assumption in Ref. 18] of the functional form of Eq. 137() leads 
also to larger, in absolute value, slopes. Thus, to get a semileptonic decay width of 3.46 jVcbplO^^s^^ (our prediction 
for ALl+HQET-i^), a value of = 1.20 is required^^ 

Finally, we would like to remark the minor differences, of the order of a few per cent, existing between the ALl 
and ALlx NRCQM based predictions for the decay distributions. This is a common feature, when the different 
inter-quark interactions studied in Ref. are considered. All results are compiled in Table ITTll 



2. Hf, Decay 

Results of our HQET improved NRCQM analysis for the decay are compiled in Tables IIVI and As in the 
Afe— decay case, the decay parameters do not depend significantly on the potential, among those considered in this 
work. This fact allows us to make precise theoretical predictions, which nicely agree to the lattice results of Ref. [T^ . 
On the other hand, we find small SU(3) deviations, and thus as a matter of example we find 



r (^fc — > ii'i) _ „ oR+0.10 



0.86t°;J°, (44) 



which will naturally fit within SU(3) symmetry expectations. 

Finally, in Fig. 0] we plot the A;, Ac and Eb Sc l/mg- corrected Isgur-Wise functions, ^cb(w), from the 
ALl+HQET— F model. We see there, the size of possible SU(3) symmetry violations as a function of the velocity 
transfer w. The zero recoil slope, in absolute value, is significantly larger for the Sb — > Sc transition than for the the 
Afc Ac one. A similar behavior is also found in the meson sector in the D(5'),D^^^ decays. Lattice calculations 
show that the slope at zero recoil of the mesonic Isgur-Wise function is larger in magnitude in the case where the 
spectator quark is a strange one 0|. 



Note for instance that ^"^(l) and have changed signs with respect those deduced from Ea. l37i . 

Note also that both approaches provide dT/dw distributions which are quite similar making it difficult for experimentalists to decide 
which one is preferred. 
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FIG. 4: Aj, — ♦ Ac and Hf, ^ He l/mg— corrected Isgur-Wise functions, i;cb(^)^ from the ALl+HQET— F model. 

VI. CONCLUDING REMARKS 

We have identified two of the main deficiencies of the NRCQM description of the semileptonic decay of the and 
Sh baryons: i) A standard momentum expansion of the electroweak current is totaUy unappropriated, far from the 
zero recoil point, ii) Within the usual spectator model approximation, with only one-body current operators, the 
vector part of the electroweak charged current is not conserved for degenerate transitions. Both drawbacks prevent 
NRCQM's to make reliable predictions of form factors and totally integrated decay rates. In the present work we 
have solved both deficiencies, and thus we have developed a novel expansion for the electroweak current operator, 
where all orders on the transferred momentum q are kept. To improve on the second of the mentioned deficiencies, we 
have also implemented HQET constraints among the form-factors. In addition to other desirable features, we would 
restore in this way, vector current conservation for degenerate transitions. 

Our HQET improved NRCQM analysis leads to an accurate and reliable description of the Ah semileptonic decay. 
Thus, we determine the l/mg— corrected Isgur-Wise function which governs this process and, thanks to the branching 
fraction values quoted in Refs. (fJi] and jl^], extract the modulus of the cb CKM matrix element (Eq. H43(l ) . Our 
determination of \Vcb\ comes out in total agreement with that obtained from semileptonic B — > D* decays (Eq. H42|l 'l. 
and if it suffers from larger uncertainties that the latter one is because of a poorer experimental measurement of 
the semileptonic branching fraction for the A;, case. We also give various w— averaged asymmetry parameters, which 
determine the angular distribution of the decay. 

In what respects to the 5{,— semileptonic decay, we also find an accurate and reliable description of the various 
physical magnitudes which govern this transition, and find SU(3) symmetry deviations of the order of 15%. At 
zero recoil, the l/mg— corrected Isgur-Wise function slope, in absolute value, is significantly larger for the S;, — s- Sc 
transition than for the the A^ — > Ac one. 



APPENDIX A: EVALUATION OF THE I AND IC INTEGRALS 



We use a partial wave expansion of the A;,, Ac, and Sc wave functions, 



<''(ri,r2,ri2) = ^ /,^(ri, r2)P,(/i), vl/=«(ri,r2,ri2) = 9? irur2)Piiti), Q ^ c,b 



(Al) 



where is the cosine of the angle between the vectors ri and r2, being ri2 — { rf + r2 — 2rir2/i) ^ , and P/ Legendre 
polynomials of rank I. Therefore, the radial functions fj^ {ri, and g'^ {ri, are obtained from their corresponding 
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TABLE V: As in Table ITTTl but for .=.[, baryon scmileptonic decay. 



wave function by means of: 

21 + 1 A 21 + 1 - 

firur2) = ^- J ^ dM^,(/i)*r(ri,r2,ri2), gQ{r,,r2)^^- j^^ d^JiPl{^,)^l'^ {r.^r^^r.^) (A2) 

where ri2 depend on ri,r2 and /i. In terms of integrals of the above functions, the baryon factor I"^ reads (we recall 
that for Afc decay, \q \ = mx^^/'uP' — 1), 

p + cc p + tx> 

It{w) = (47r)2^5]^(-l)'"(;?r'|000)M dnrlj,,{x,) dr^rlj,, {x^Miruv^r f^,{n,r2) (A3) 

, ,, ,„ Jo Jo 



where the flavor of the light quarks {q, q') are up and down 



mq\q\ 'mq,\q\ 



M5 



Mi; 



(A4) 



and M^'q^. = TTit, + md + riic, with m„ = md- Besides, {U'l"\000) is a Clebsh-Gordan coefficient and j; are spherical 
Bessel's functions. 
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On the other hand, the baryon factor K. can be computed as 

ictH = ^EEEE E (-i)'+"i'"+'"'+^((2L + i)(2r' + i)(2r + i))*(/Lr|ooo) 

p+co p+oo 

X {l'll"'\QQm"'l"mm{l"'l^L-l'l") dnrl dr2rl[ji„{xi)j,4x2M{n,r2)r 

X 17i[/,';(ri,r2)] •^i)jr'(^a;2)[/f(ri,r2)]*f7i[/,';(ri,r2)]} (A5) 

niq niqi J 

where W{...) are Racah coefficients, and the differential operators are defined as 

= " [^-y' "^=''-^ ^ (2FTT) 

Note that /C remains finite in the limit \q \ 0, since one cannot take the orders (/" and I'") of both Besscl functions to 
be due to the Clebsh-Gordan coefficient {I'" I" 1\000) . For decay, Ig^ and K.^ are obtained from Eqs. l|X3)l - l|X6)l . 
by replacing /—type radial wave functions by g— type ones and taking ruqi — rus- 

Finally, in the nib > rric » mq,mqi limit and in the neighborhood of w = 1, the T and /C baryon factors behave 
like 0(1) and 0{mq/mc,mqr /rric), respectively^^. 
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